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NOMENCLATURE 

A* equilibrium concentration of dissolved carbon dicscide 

3 

at interface (gmcsl/cm ) 

concentration of B (hydroxyl ion) in the bulk liquid 
(gmol/cm^) 

3 

c concentration of ion in solution (gion/cm ) 

2 

diffusivity of carbon dioxide (cm /s) 

E enhancement factor, i.e. factor by which amount of 
A (gas) absorbed in time t is increased by reaction 
(dimensionless) 

E^ instantaneous enhancement factor (dimensionless) 

h length of jet (cm) 

h^ solubility factor for electrolytes of i species 
(litre/gmol) 

const ribut ions of positive ion, negative ion, and gas 
G to solubility factor h (litre/gmol) 


ionic strength for i species (gion/litre) 


H 


ko 


M 

q 


Q 

t 


Henry's law constant in electrolyte (atm cm /gmol) 


Henry's law constant in water (atm cm /gmol) 


second-order rate constant for reaction of A( litre/gmol s) 




(dimensionless) 


total rate of absorption in laminar jet apparatus 
( gmol/s ) , 


amount of gas absorbed by per unit area in time t(gmol/cm ) 
contact time (s) 


(vill) 


T temperature ( °C cr °K) 

3 

V liquid flow rate (cm /s) • 

z stoichiometric factor (dimensionless) 

valencies of ions 
viscosity of liquid (cp) 
viscosity of water (cp) 
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ABSTRACT 

The kinetics of absorption of carbon diaxide in 
alkaline solutions containing sodiim sulphide have been 
studied. The absorpticai rates of carbon dicxide in a laminar 
jet have been measured at different tempe rat lire s. The 
absorption of carbon dioxide in the liquid can be regarded 
as a diffusion process acccxipanied by a fast pseudo- first 

order reaction since the contact time is very short and 

-3 

of the order of 25 x 10 s« The reaction rate constant,k 2 # 
of the reaction CO 2 + OH^HCo^has been measured for sodium 
sulx:»hide solutions in the concentration range of 0,05 to 
0,212 M over the temperature of 19 to 32°C, Effect of 
various electrolytes such as sodium chloride and sodium 
sulphate has also been studied and it is found that the 
rate constant, k 2 / increases with increase in ionic strength 
of electrolyte. The activation energy of the reaction is 
found to the order of 12*572 kcal/gmol. 



CHAPTER 1 


I^^’ROD^CTION 

The kinetics of absorption of gaseous solutes in 
liquids with chemical reaction is important in the design 
of gas-liquid contact equipment for process applications 
and air pollution control devices in chemical and allied 
industries. 

Absorption of carbon dioxide in alkaline solutions 
is important in chemical recovery operations as in paper 
mills. Green liquor frcxn sulphate-sulphite cross chemical 
recovery operations containing sodium carbonate and sodium 
sulphide is carbonated in two stages to release hydrogen 
sulphide which is subsequently oxidized and used in making 
sulphite pulping liquor. In the first stage green liqaor 
is precarbonated by flue gas to a pH of about 9,5. Pre- 
carbonation upto a pH of 9,5 can also be used for the 
removal of 80-90 per cent of the silica from green liquor in 
bamboo- or bagasse - based paper mills, 

Kraft green liquor contains 

NaOH (8-40), Na 2 O 03 (95-150), 

Na2S (18-25), Na2S0^ . (0.5-10) 

Si02 (0,1 - 15 g/litre). 


and 
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Absorption of carbon dioxide from flue gas in green liquor 

is a heterogeneous diffusion process accompanied by chemical 

reactions in the liquid phase. Mass-transfer and kinetic 

parameters for the absorption of carbon dioxide into 

simpler systems such as NaOH and Na 2 C 02 - NaHCO^ ate well 

established. The rate of absorption of carbon dioxide in 

alkaline process liquors depends upon hydrodynamic factors 

such as density# viscosity# liquor rate and equipnent 

geometry as well as on physico-chemical factors such as 

solubility# diffusivity and the kinetics of the liquid— phase 

reaction which are influenced by temperature# ionic strength 

and the nature of electrolytes. The degree of hydrolysis 

of sulphide and carbonate in green liquor would also Influence 

( 2 ) 

the rate of carbonation. Mahagaonkar and Veeramani'’ studied 
mass transfer aspects of carbonation of NaOH - Na2S# NaOH — 
Na2C02-Na2S and commercial green liquor systems in a stirred 

I .• 

cell. Enhancement factors were determined experimentally 
and compared with estimates based on second order irreversible 
reaction kinetics. Reaction rate constants reported by 
Pinsent et al,^^^ for sulphide free solutions and the values 
obtained in preliminary work with laminar jet apparatus for 
sulphide solutions were used for the theoretical estimation 
of enhancement factor, 

( 1 ) 

This study is an extension of Mahagaonkar work 
and deals mostly with the Kinetic Study of Sodixim Sulphide - 



3 


Carbon Dioxide - Water system in a laminar jet. Experi- 
mentally determined value of kinetic constants will give 
a better estimate of the enhancement factor for reliable 

sizing of the absorption units for carbonation. 



chapter 2 


REVIEW OF ABSORPTION OTUDIES IN A LAMINAR JET 

Laminar jet absorber Is very useful for research 
work as a contacting device since the experiii^ntal para- 
meters-contact time, irterfacial area, and absorption rate 
Can be closely defined arrl accurately raeasured^ Measurements 
of rates of gas-absorption can be used to determine - 
reaction rate constants for reactions of dissolved gases, 
dif fusivities of gases in solutions and solubilities of 
gases in liquids with which they react. 

In a laminar jet a liquid jet with flat velocity ^ 

profile enters the gas-space through a circular hole and 
leaves through a slightly larger hole. The time of exposure 
to the gas of each element of its surface is the length of 
the jet divided by its velocity. If one measures the rate 
of absorption of gas into the jet, one can calculate tte 
amount of gas absorbed by unit area of surface in contact 
time t, A review of the past work is outlined in the following 
sections, 

2,1 Absorption of Carbont Dioxide into Alkaline Solutions t 
Absorption of carbon dioxide into alkaline solutions 
containing sodium sulphide is accompanied by the following 


reactions: 
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S ~'-h 


HS*" + 

OH*" 

(2. 

.1) 

HS” + 


H^S H- 

OH*" 

(2, 

.2) 

CO2 + 

OH 

HCO 3 


(2, 

.3) 

HCO 3 ■+■ OH 

C03~+ 

H^O 

(2, 

,4) 

C02 ■ 

I- 

■ HC03 

H-" 

(2, 

.5) 


In the above reactions it is assiamed that sodivjm sulphide 

undergoes Complete hydrolysis in one step. Reaction (2,1) 

represents the hydrolysis of sulphide. The hydrolysis of 

sulphide depends upon pH, temperature and corweentration. 

When pH is above 10,0 reactions (2,1) and (2.2) are shifted 

towards the left while reaction (2,3) is displaced towarxis 

the right and followed by reaction (2,4), The second- order 

rate constant for the reaction (2.3) at 20°C and infinite 

dilution is about 6000 litre/gmol s. The rate constant 

depends upon temperature, ionic strength and nature of 
(4) 

electrolytes; Direct hydration of carbonc dioxide eccoiding 
to reaction (2,5) is first order, with a rate constant of 

about 0,o2 at 20°C, Thus in any solution in which tte 

—4 

concentration of hydroxyl ion is greater than 10 gion/litre 
(corresponding to a pH of 10,0), the rate of reaction of 

-1 

carbon <3ioxideby reaction (2,3) will be greater than 0.6 s 
and thus more than 30 times as fast as its reaction by (2.5), 
Therefore, when the pH is above 10,0, reaction (2.3) can 
be Considered to be the dominant over the pH range of 10-14, 


'/ 



6 


Reaction (2,5) beccmes Increasingly important as the pH 
decreases below 10,0, 


2«2 Mass Transfer Aspects and Kinetics o£ Absorption of 
Carbon Diopcide into Alkaline Solutions : 

Laminar jet has been used by several investigators 
for the mass transfer and kinetic studies. The experimental 
conditions and the results obtained by various workers are 
given in Table 2,1. it is always advisable to test the 
laminar jet system for satisfactory behaviour by absorbing 
Carbone dioxide in water. The solubility and diffusivity of 
carbon djbxideis well established and Table 2,2 gives the 
solubility and diffusivity of carbon dioxide in water at 
different temperatures, 

( 3 ) 

In a laminar jet apparatus totairate of absorption 
of gas into the jet, q, and the contact time of the gas 
with liquid jet, t, is given by equations (2,6) and (2,7), 


. _ TVdhQ 
q - —t: — 

h ^ TTd^h 
U 4v 


( 2 . 6 ) 

(2.7) 


where q = total rate of absorption of gas into the jet (gmol/s) 
d = diameter of the jet (cm) 
h = length of the jet (cm) 
t = contact tin^ (s) 

V =* liquid flow rate (on^/s) 


u = liquid velocity ( am/ s) 
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table 2.2: SOLUBILITY AND DIFFUSIVITY DATA 
FOR CARBON DIOXIDE IN WATER<4,5) 


Total pressure: 1 atm 


Tempe rature 
(°C) 

SGl\ab±lity 

(gmol/litre) 

^ 

Diffusivity x 10 

(cm2/s) 

lO 

0,0535 

1,26 

15 

0.0455 

1.45 

19 

0.0401 

1.66 

20 

0.0390 

1.69 

25 

0.0335 

1.94 

27 

0,0316 

2.10 

30 

0.0290 

2.26 


32 


0.0274 


2.32 
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Therefore 



( 2 . 8 ) 


For a purely physical absorption the amount of gas (Q) 
absorbed by unit area of the surface in time t is given by 
equation (2,9) 



(2.9) 


where a* = solubility of carbon^ dioxide in non-reqcting 

3 

liquid (gmol/cm ) 

2 

= diffusivity of carbon- dioxide (cm /s) 

The total rate of absorption of gas in a laminar jet 
of non-reacting liquid is given by equation (2.10). Equation 
(2,10) Can be derived by combining (2,6), (2,8) and (2.9), 

q = 4 a* (D^ vh)^ (2,10) 

The equation for the absorption of a solute gas which 
reacts with a component in the quiescent liquid acccampanied 
by pseudo- first order irreversible reaction is given by (2,11), 
Equation (2,11) is derived by assuming A (dissolved gas) 
reacting with B (available in liquid) as: 

A + zB— >C 

Q = a*(D^A 2 B°)^ ( (k 2 B°t + hy erf (k 2 B°t)^ + 

k„B°t ^ „ 

( yo- V exp (-k 2 B t)) (2,11) 

where k 2 = second order rate constant (litre/gmol-s) 

B° = concentration of B in bulk of liquid (gmol/c3n ) 
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For k 2 B‘^t» 1 (k 2 B°t > 10 at least) 

Q = tA* (D^ k2 b”)^ (2.12) 

Equation (2,12) can be used to obtain the value of rate 
Constant, k 2 # in laminar jet aiaparatus for sodium suli:)hide 
solutions. 

Enhancement Factor ; The factor by which amoxint of A absorbed 
in time t is increased by areaction. The enhancement factor, E, 
for second order irreversible reaction A + zB — is given 
by equation (2,13), 

E = = (M(E£-E)/(E^-l)yVtanh(M(E^-E)/(Ej-l)J^ 

A 

(2.13) 

! 

where. E. = 1 -f — = enhancement factor for instantaneous 

i zA* i 

reaction (dimensionless) (2,14) 
z = stoichiometric factor (dimensionless) 

O ' " ^ 

7C k2 B t 1 

= (dimensionless) (2., 15) [ 

i 

Limiting condition for psuedo-first order reaction is given as j 

' ' ' . , I 

k * 

(M)^« E^ (2,16) 

(16) 

Equation (2,13) is given in grapJiical form by van Krevelen'' 

(3) ; 

and Danckwerts. The graph and equations(2,14) and (2,15) 

Can be used for obtaining the theoretical valu^ of enhance- 
ment factor, E. 
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Prom the foregoing literature survey^ it can be 
observed that kinetic data on the carbonation of alkaline 
solutions Containing sodium sulphide are not available. 

In order to fill the gap in the literature, the present 
system sodixam sulphide-carbondicKide-water has been taken 
for kinetic study, in the present study the objective is 
to obtain the kinetic data of this system and to investigate 
the effect of important process variables such as temperature^ 
concentration and electrolytes on the rate constant. 




CHFiPTER 3 


EXPERIMEMTAL 

A laminar jet apparatus was used to obtain the 
kinetic data for absorption of carbon dicjxide into sodium 
sulphide solutic^n, 

3.1 Laminar Jet : 

3.1.1 Details of the Apparatus ; A sketch of the absorption 
setup is given in Figure 3,1, a detailed diagram of the 
laminar jet is shewn in Figure 3,2, Laminar jet assembly 
Consisted of a glass chamber made out of a pyrex glass 
cylinder of 6 cm I,D, , flattened and ground at the open top. 
The nozzle was mounted on the end of a stainless steel slide 
tube which passed thrr-ugh an ’O' ring seal in the mild steel 
cover plate, used to seal the top of the glass chamber. The 
diameter of jet was 0,156 cm. The surface of the cover plate 
was polished to a fine finish so that a gas-tight seal 
allowing sliding motion was possible with the aid of stop 
cock grease. The jet length was adjusted by lowering or 
raising the slide tube. The jet chamber was provided with 

a gas inlet, a drain and a thermcroeter part. The flow nozzle, 
made of brass, was carefully turned to a shape shewn in the 
Figure 3.2 and the profile of the covering section was made 
as smooth as possible. The throat and face sixrfaces were 



F»g. 3-t -Laminar ]ct apparatus.B-C02 balloon; D- Drain; 

F- Flowmeter ;FT-Fecd tank; JC- Jet chamber; 
N-Nozzle; OFV-Overflow vessel ; P-Gas purge lipe; 
R-Receiver ; S-Saturator;SBM-Soap bubble meter; 
ST^ Slide tube ; T-Thermometer. 
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polished to a sm>Dcth finish, A jet of liquid flowed 
downward from the nozzle through an atmosphere of carbon 
dioxide into a glass receiver of diameter slightly more 
than the jet. The receiver was connected to the overflown; 
vessel for the adjustment of liquid level in the receiver* 

The gas inlet was connected to the soap bubble-flow meter. 

The nozzle tube was connected to the rotameter. 

The gas entered the bottom of a graduated tube through 
a slide arm. The bottom of the tube contained soap or 
detergent solutions; the level of this stjlution was raised 
by squeezing the rubber bulb so that the solution momentarily 
covered the gas inlet. This caused a film to form and moved 
up the tube. The rate of movement of the film was exactly 
equal to the rate of flow of gas and was determined by a 
stop watch. The soap bubble meter was connected to the 
rubber balloon to ensure t^ flow of carbon dioxide^ 

The balloon was made from an unstretched rubber. 

Carbon dioxide was stored in the balloon from the saturator 
at atmospheric pressxire, , 

The saturator was connected to the carbon dioxide 
cylinder. Carbon dioxide was passed through the saturator 
containing water vapour to saturate the gas-stream. It was 
done by bubbling tte gas through water, 

3 . 1 , 2 p rocedure ; Euring operation deaerated liquid flowed 
from an overhead tank by gravity into the slide tube, through 



-0-6 cm 


1 5.5 slide tube 

2 M S flange (9cm0 

3 MS. stuffing box 
arrangement 

^ Rubber 'o’ ring 

5 Brass nozzle 

6 Glass chamber 
1 Glass receiver 


^■156cm 0 
K-O2cm0 j 

m J 



Fig 3-2“Defails of laminar jet. 
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a rotameter. T're overhead tank was placed about 305 cm 
above the absorption chamber to provide sufficient head 
to give the required flow rate. The level in the receiver 
was also adjusted so that the gas entrainment with the 
liquid was eliminated. The jet length and diameter were 
measxired by a travailing microsCvipe. The absorption 
chamber was flushed with carbon dicjxide saturated with water— 
vapour to purge any air in the chamber and carbon dicKide 
balloon was connected to^ the chamber keeping all other outlets 
closed. As the stealy state condition was attained the rate 
of absorption of carbon dioxide was measured by soap bubble 
meter. 

The average linear velocity of the liquid jet was 
varied from 79 to 370 cm/s over a distance of 0*5 to 8,5 cam 
to Cover contact time range of 0.0025 to 0,025 s. The maximum 
operable jet length was limited by the instability of the 
moving colrmn, 

3,2 Absorbents s 

The following absorbents were used for the experiments* 

(a) Distilled deaerated water 

(b) Sodium sulphide solutions (0.05 - 0,212 M Na 2 S) 

(c) Sodium sulphide - scdixim chloride solutions 
(O.IM Na 2 S + (0.5 - 5M) NaCl) 

(d) Sodium sulphide - sodium sulphate solutions 

(O.IM Na2S -••.(0.2 - 2M) Na2S04). ‘ 
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3.3 Analysis ; 

Samples taken from the experiments were analysed 
for the detexmination of sodium sulphide content by usual 
acidimetric titration (Appendix A). 

pH Measurements ; pH value of the samples was determined 
using Elico Digital pH meter Model LI-120, standardized by 


BDH Buffer, 



CHAPTER 4 


RESULTS AND DISCUSSION 

Experiments for the absorption of ca3±>on dioxide in 
sodium sulphide solutions were conducted in laminar jet 
apparatus* The various systems studied in laminar jet are 
presented in the order of increasing ccmplexity* 

( i) Water 

(ii) Sodium sulphide 

(iii) Sodium sulphide- sodium chloride 

(iv) Sodium sulphide-sodium sulphate 

Absorption of Carbon Dioxide in Water ; 

The physical absorption of carbon dioxide was studied 
in laminar jet apparatus to verify the hydrodynamics of 
the jet. 

The laminar jet was first calibrated by carrying out 
a series of experiments with absorption of carbon dioxide 
in distilled deaerated water at 19 °C in order to estimate 
the diffusivity of carbon dioxide in water. For a ''perfect" 
jet the total rate of absorption is given by equation (2,10). 

q = 4 a* (D^ vh)'^ (2,10) 

A jet diameter of 1.56 mm and jet lengths of 1,6 cm and 
2.G cm were used in the experiments and equation (2,10) is 
plotted in Figure 4,1, The various values of liquid flow rat 
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Fig. 41 - Absorption of CO 2 into water laminar 
jet : 19‘C,.latm CO 2 . 
o 1-6 cm ; A 2-Ocm (jet length) 
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V, and total absorption rate of gas, q, are tabulated 

in Table 4.1, From the slope of the graph the value of 
if 

‘^silculatsd. The mean value of the diffusivity 

of Carbon dioxide in water, D^, was found to be 1.71xl0“'^cm^/s 

and agrees very well with the interpolated value of 
-5 2 

1.64 X 10 cm /s at 19 °C obtained from the data of Nijsing 
et al,^^^. This discrepancy is very small and the jet can 
be considered to be perfect, 

4.2 Absorption of Carbon Dioxide into Sodium Sulphide Solutions 
Carbon dioxide was absorbed into laminar jets of 
sodium sulphide solution of concentration varied from 0.05 
to 0.212 M, The experimental conditions and the calculated 
values of absorption rate per unit area in time t, Q, are 
given in Table 4.2 of Appendix B, 

The experimental daca are plotted in Figure 4, 2 and 
Figure 4.3 for various sodixm sulphide concentrations and 
temperatures, 

(3) 

It has been shown that for a pseudo-first order 
reaction, the absorption rate is given by equation (2.12) 

Q = tA* (D^ ^2 (2,12) 

The pseudo-first order condition for absorption into quiescent 
liquid is 

1 o 

(K k2 B°t/4)'^« 1 ■i' ^ 


(4.1) 


TABLE 4.l! ABSORPTION OF CO^ AT 1 ATMOSPHERE PRESSURE INTO 
WATER LAMINAR J :er AT 19 °C 
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Fig, 4- 2 - Absorption of CO 2 into sodium 
solutions in lomlnor j«t at 27*C 
» -0050M*Nq2S; O-0H0M-NQ2S;. 
A-0-15t M-NQ2S; o-0*2t2M-NQ2S. 
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Fig. 4-3 - Absorption ot C02 »nto sodium sulphide 
solutions in laminar )at. 

4 -0162 M-N02 S (19'C) : 4-0-205 M-Na2S (30*C): 
o-0-195M-Nq2S(32*C). 
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The conditions given by equation (4.1) and k 2 B^t > 10 must 
be satisfied in order to fit the aquation (2,12) to tte 
experimental values of absorption rate. The contact tiniG 
limits were calculated for typical values of = 0.205 
k 2 = 11000 litre/graol s and A* = 2*50x10"*^ gmol/cm^. The 
upper and lower limits for contact time, t, were found as 

0.004 4C. t< 0,018 3 (4.2) 

It Can be seen that txhe experimental conditions correspond 

to contact times within 10% of the limit (4.2). 

The rate constant, k 2 / was calculated using equation 

(2.12) by plotting absorption rate per unit area in time 

against contact time, t, as shown in Figure 4,2 and Figure 4,-3g 

Solubility of carbon dioxide used in the above calculations 

(3) 

were estimated from equation (4.3)^, 
log (h/he^) = h^l^ ^2^2 * 

wtere ^^^^#^2 are solubility factor for the individual 
electrolytes ( litre/gmt j1 ) ; 

T^tl 2 are the individual contributions to the ionic 
strength (gion/litre); 

3 

H Henry's law constant in electrolyte (atm can /gmcl); 

3 

Henry's law constant in water (atm can /gmol). 

The values of the solubility of carbon dioKide in water 
at different temperatures are given in Table 2,2, The 
diffusivity of carbon dioxide in the solution was estimated 



26 


according to aquation (4,4)' ' 

— — — — = Constant (4,4) 

2 

where = diffusivity of CO 2 in solution (cm /s); 

pt = viscosity of liquid (cp); 

T = temperature ( °C) 

The values of the rate constant are given in Table 4*3 
for various concentrations of sodium sulphide solutions at 
different temperatures. Sample calculations of rate constant 
for typical run is given in Appendix B, The value of in 
soditma hydroxide sc lution at 30°C is 12400 litre/gmol -s 
and the present study value of ^2 in sodixim sulphide solution 
at 30°C is 10950 litre/gmol s. Thus it can be seen that the 
value of the rate constant, k 2 ^ in sodixim sulphide solutions 
is about 11 % lovrer than that for sodium hydroxide solutions; ' 
Effect of sodium sulphide concentration on the rate 
Constant, 'k. 2 * was studied. Figure 4,4 shows the effect of 
scxiium sulphide concentration on the rate constant, k 2 * It 
can be seen from the figure that the rate ccaistant, k 2 » is 
'dependent of the sodium sulphide concentrations. 

The experimental value of enhancement factor, E, was 
calculated using average values of absorption rate per linit 
area in time t, Q, and contact time, t, accoraing to 
equation (4,5). 

E = (7^/\t)^ (4.5) 
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.Tab LiB ' 

4,3: R\TE CONSTANT, k2, FOR THE 
OF CO 2 WITH HYDROXYL ION 

REACTION 

M 3 L 2 S 

Temperature 

Rate constant, 

(gmol/l±tre) 

(°C) 

(litre/gmol s) 

0.162 

19 

4850 

0,050 

27 

5031 

0.110 

27 

9174 

0.151 

27 

9047 

0.212 

27 

9151 

0.205 

30 

10950 

0,195 

32 

12250 
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The enhancement factor, E, was calculated theoretically 
also using the graphs given by van Krevelen et al.'’ ^ . 

The theoretical values of E were calculated using the rate 
Constant, k 2 « Table 4,4 gives the experimental and 
theoretical values of enhancement factor for Na 2 S solutions. 
The value of E is found to increase with increase in Na 2 S 
concentration. Tte experimental values of E are in good 
agreement with the theoretical predictions. 

The pH of solution* was measured with the help 

of pH meter. The pH value of various sodium sulphide 
solutions is given in Table 4.5, The pH value increases 
with increase in sodium sulphide concentration because of 
hydrolysis of soclium sulphide into OH*" ions. Since the pH 
value of the solution is greater than 10, therefore 
reaction (2,3) is the rate controlling step. However, the 
change in pH value is not significant with change in sodium 
sulphide concentrations. 

4,3 Carbon Dioxide Absorption into Sodivim Sulphide Sodi\jm 
Chloride and Sodium Sulphate Solutions : 

Sodium chloride and sodium sulphate were used as 
electrolytes to study ti^ effect of ionic strength on tte 
rate of absorption and rate constant. The concentration of 
sodium chloride and sc'dixim sulphate was varied from 0,5 to 
5.0 M. The concentration of sodium sulphide was maintained 
constant at 0,1 M, The experimental data and calculated 
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TABLE 4.4: aMHANCEMENT FACTOR FOR CO 2 ABSORPTIOSJ 
IN Na2S SOLUTIONS 

Temperature = 27°C 


Na2S 

,g molv 
'‘lit re ^ 

Enhancement 
Expe rimental 

factor# E 

Theoretical 


0.050 

1.99 

1.64 


0.110 

2.62 

2.20 


0,151 

3.09 

2.80 


0.212 

3.20 

3.00 
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TABLE 4,5: pH OF SODIUM SULPHIDE aDLUTIONS 


Temperature = 18 °C 


Na2S 

(gmol/litre ) 

pH 

0,050 

12.33 

0,110 

12.60 

0.151 

12,68 

0.162 

12.72 

0.195 

12.82 

0,205 

12,84 

0,212 

12.90 


CENTRAL LIBRARY 

I . I Kjnp-jr, ■ 

Aee. No. A — iZUM- 
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values of Q are given in Table 4,6 in Appendix B, All 
the experimental runs were conducted at a temperature of 
27 °C, The rate constant, k 2 # was calculated in the similar 
manner as earlier discussed in Section 4,2, Figure 4,5 
shows the effect of addition of sodium chloride and sodium 
sulphate in sodium sulphide solutions. The plot shows that 
the rate constant, ^ 2 * Increases linearly with increase in 
ionic strength (concentration of NaCl and Na 2 SO^). The 
aresults also show that the slope of the curve (Figure 4,5) 
is dependent upon the nature of electrolytes. The values 
of k 2 obtained with NaCl are higher compaired to the values 
obtained with S;odium sulphate. This may be attributed due 
to the strong ionic effect of NaCl compared with Na 2 SO^. 

The relation between ionic strength and rate constant, }C 2 # 
is given as 

log k 2 = 3,98 + 0.1281 (4.6) 

log k 2 = 3,94 + 0.09 I (4,7) 

The above relations agree very well with the empirical 

f 6 ^ 

relation reported by Pin sent et al, ^ ^ at 20°C. 

log k 2 = 3.77 + 0.26 I (4,8) 

The experimental and tl^oretical values of enhanceanent 
factor, E, were calculated in the similar manner as earlier 

t 

discussed in Section 4,2. Figure 4,6 shows the effect of 
ionic strength on enhancenent factor, E, It is found that 
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the values of enhancement factor increase with increase 
in ionic strength of tte solutions. The values of enhancement 
factor/ Ef for Na 2 S - NaCl solutions are higher than that for 
Na 2 S-Na 2 SO^, This may be due to the strong ionic effect of 
NaCl compared to Na 2 SO^ because NaCl being a stronger 
electrolyte. Furthermore/ the agreement between tte theore- 
tically calculated values of E and the experimental values 
is gcjod, as can be seen from Figure 4,6, 

4.4 Effect of Temperature on the Kinetic Constant, k 2 s 

The reaction rate constant, k 2 'was determined at 
varirius temperatures to study the effect of temperature on 
rate constant, 4^2 • The rate constant, is found to 

increase with an increase in the temperature. The reaction 
temperature was varied over the range of 19 to 32 °C, Figure 4,7 
gives an Arrhenius plot of the reaction where log k 2 is 
plotted against reciprocal of temperature. The slope of 
the curve gives the value of apparent activation energy of 
the reaction. For the purpose of ccmparison, data obtained 
by Mahagaonkar et al,^^^ and Pinsent et al.^^^ (ttermal 
method) are also plotted, .It is interesting to note that 
the rate constant values lie near the same line.. Tte rate 
constant, k 2 / is related with temperature, T by equation (4o9). 

log k 2 = 13.045 - (4.9) 

where k 2 = second oirder rate constant (litre/gmol s) 

T = temperature ( °K) 


and 



Fig. 4-6 - Enhancement factor, i vs. ionic strength I. 
® Na2S ♦ NaCI;i^ Na2StNa2SQ4; T«27*C . 


log k2 (litr«/g mol s> 
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The actiTation energy of the reaction was found 
from the slope of the curve and of the order of 12,572 kcal/ 
gmol. This value is close to the value of 13.250 kcal/gmol 
reported for sodium hydroxide solutions, ^ 

4*5 Conclusions ? 

To sum up the discussion of the results the following 
points can be ra^es 

1. The absorption rate of carbon dioxide in 

sodium sulphide solutions increases with 
increase in the concentration of sodium 
sulphide. The kinetic constant, k^, is 
found to be dependent of change in the 
sodium sulphide concentration at a given 
temperature, • 

2. The value of rate constant, kg, is found 

to be dependent on the natu3^ of electrolytes 
and their ionic strengths. 


CHAPTER 5 


SUIfflMRY M3 REGQIfelEHDATIOH 

The reaction of dissolved carbon dioxide with 
hydroxyl ions is modelled as pseudo-first order reaction 
in laminar oet apparatus. The kinetic constant, kg? 
depends upon ionic strength, nature of electrolyte, 
temperature and sodium sulphide concentration. The 
value of kg obtained in the present study for sodium 
sulphide solutions is compared with reported values (found 
with different methods). The value of kg is however, lower 
than that of sodium hydroxide solution by about 11 per- 
cent, 

The rate constant value obtained in the present 
study will be useful for the design of gas-liquid contacting 
equipment. 

The technique demonstrated in this study can be 
extended for investigating carbonation of the complex black 
liquors, where organic constituents like lignin also play 
a significant role. 
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JiPPENDlX A 
ANALYSIS 

( 17) 

The method' used for analysing the experimental 
samples, is outlined below. 

A 5 cc portion of the sample is pipetted into a flask. 
About 25 cc of 10 per cent BaCl 2 solution are added with 
a few drops of phenolphthalien indicator and the solution 
is titrated with 0.526N HZl until the pink colour disappears^ 
The burette reading is recorded as A. The buarette is not 
refilled, 5 cc of 40 per cant formaldehyde solution are 
added to the flask. The pink colour returns and after a 
minute titration is continued until the pink colour again 
disappears. The burette reading is recorded as B. The 
molar concentration of sodium sulphide in the samples are 

Na 2 S = 2(B-a) gmol/litre 


calculated from 
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3,07 8,077 0,905 1.987 2,42 0,525 
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SAMPLS CaLCULT.TIOMS 

For Run No, 4 

, B = 0.05 M; T = 27®C; v = 3.0 cmVs; h = 0,88 cm; 

q = 1.154 X 10“^ gmol/s; f4= 0,91 cp; |a = 0.858 

_ 2 ^ 

~ 2.10 cm /s for CO 2 in water (Table 2.2) 

Contact time is estimated by equation 


4v 


( 2 , 6 ) 


= (0,156)^^ X 0.88 _ ^ ^ 

Fx 3.0 ~ 0.0056 s 

Similarly other values are estimated. 

Amount of gas absorbed per unit are in contact time, t is 
calculated by equation 


- 


4v 


(2.9) 


_ 1,154 X lO”^ X 0.156 
4 X 3.0 ” 

= 0,15 X 10*’*^ gmol/cm^ 

Other values are calculated in the similar manner. 
Solubility of CO 2 in the solution is calculated by equation 

log ^^2 (4.3) 

h^ = (0.091 +0,022 - 0.0202)^^^ 

= 0.0928 litre/gion 
= 35 ( 2 + 4 ) X 0,05 = 0.15 gidn/litre 
- 0.0316 gmol/litre (Table 2,2) 

—■5 ' 3 ' ' ' ' ' 

= 3.16 X 10 gmol/cm 
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Therefore 

Therefore 


log (0,0316 H) = 0,0928 x 0,15 


A* = - = 

H 


0,0316 


10 


0.013292 


- 0,0306 gmol/litre 

Diffusivity of CO 2 in the solution is calculated by equation 


k.\ 

A I w _ 


... = constant (4,4) 

Therefore d = = 2,10 x 0,858 x IQ-^ 

^ 0.91 

= 1.98 X 10“^ cmVs 

Therefore ~ 3-06 x 10“®x(i9.8)^ 

= 13.6 X 10”® gmol/cm^ 

Rate constant k 2 is calculated by equation (2J2) using 
the Q vs t i^lot 

Q = tA* (D^k2 B°)^ (2.12) 

Prom figure 4.2, we have . 

A* (D^ ^ 0^289 X lO”^ 


The r «2 fore k. 


_ , 0.289 X lO"*^ ,2 „ 

13.6 X 10 

- 9031 litre/gmol s 


0.05 


Similarly other values of k 2 can be calculated. 
Enhancement factor is calculated by equation 


(4.5) 
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0,328 X lO”"^ . . c 

2 X 3.06 == 10-^ == °.01148)'5 

= 1.99 (Experimental) 

Theoretical value of enhancement factor is calculated by 
using the graph given by van Krevelen et al,^^^^ 

E = 1.64 (Theoretical) 



